Quantum chemistry calculations have been applied to investigate the kinetics and mechanism of the hetero-Cope [3,3]-sigmatropic rearrangement of 1-butene thiobenzoate in the gas phase and different solvents. Of the two proposed mechanisms, concerted and biradical paths, a concerted mechanism with an activation Gibbs free energy of 27 kcal mol -1 was preferred. Based on natural bond orbital analysis, the electronic charge distribution at the transition state was affected by the solvent, through the perturbation in the electronic energy levels. The interaction energy of Lp S25 → π * C1-C2 was larger in the solvent which means S25-C1 bond formation is more advanced in solution. C1 atomic charge reduction (0.26 e) and atomic charge increase for the S25 atom (0.23 e) indicated charge transfer from C1 to S25 during transition state formation.
INTRODUCTION
Since the first report of the Claisen rearrangement, numerous hetero [3, 3] -sigmatropic rearrangements have been observed [1] [2] [3] . Sigmatropic rearrangements are reactions in which a σ-bond (a substituent) moves across a conjugated system to a new site. Weinstein and co-workers demonstrated that the rates of the rearrangement are increased slightly with an increase in the solvent polarity. These observations indicate very little charge separation at the transition state (TS) and it has been generally assumed that equilibration occurs via a cyclic TS [4] . The effect of pressure as a key factor on the equilibration of α-and γ-methylallyl azide sigmatropic rearrangement was investigated [5] . There are several reports on allylic azide isomerisation which support this concept [6] [7] [8] [9] [10] [11] [12] . Heating of allyl vinyl ether allows preparation of γ-and δ-unsaturated carbonyl compounds via a [3, 3] -sigmatropic rearrangement. This reaction is irreversible towards the formation of the carbonyl compound and takes place under thermodynamic control conditions [13] . Sigmatropic rearrangements can take place regio-and stereo-selectively, a fact inherent from the concerted nature of these processes. However, some sigmatropic reactions are not concerted and proceed via radical or ionic intermediates [14] . With the aim of the elucidation of the reaction mechanism and investigation of the solvent effect on this rearrangement, density functional theory (DFT) was applied to the hetero-Cope [3, 3] -sigmatropic rearrangement of 1-butene thiobenzoate [reactant (R)] in the gas phase, www.prkm.co.uk methanol, DMSO, MeCN, DMF, pyridine and acetone. The most probable pathways shown in Scheme 1, i.e. concerted and biradical routes, have been proposed and analysed for this reaction.
COMPUTATIONAL DETAILS
All computations were carried out using the Gaussian 09 suite of programs [15] . Full geometry optimisation of the reactant, TS, product and intermediates were computed in the gas phase and solutions using the B3LYP functional [16, 17] with the 6-311++G(d,p) basis set [18] . In order to provide an estimate of the zero-point vibrational energies (ZPVEs), as well as their corresponding thermochemical parameters, frequency calculations were performed for all of the stationary points. These calculations verified the nature of the stationary points as minima with real frequencies and the TS with only one imaginary frequency. Thermodynamic and kinetic parameters were calculated at the temperature of 333 K. This temperature is according to the experimental conditions [19] . The synchronous transit guided quasi-Newton (STQN) method [20] was used to locate the TS. The intrinsic reaction coordinate (IRC) method was also applied in order to check and obtain the profiles connecting the TS to the two associated minima of the proposed mechanisms [21, 22] . Natural bond orbital (NBO) analysis was also applied to determine the charge changes during the reaction [23, 24] . Based on these data, donor-acceptor interactions for the reactant and TS were fully investigated. To take the solvent into account, the conductor-like polarisable continuum model (CPCM) was applied [25] .
RESULTS AND DISCUSSION

Structure and mechanism analysis
Two possible mechanisms were investigated for the hetero-Cope rearrangement, including the concerted (path 1) and biradical (path 2) processes. According to Scheme 1, the concerted Scheme 1 Proposed mechanisms for the [3, 3] -sigmatropic rearrangement reaction of 1-butene thiobenzoate through the concerted and biradical path mechanism proceeds through a six-member cyclic TS. This path is established through C1-S25 bond formation and C6-O12 bond breaking (for atom numbering see Figure 1 ). According to Table 1 , through path 1, O12-C13 and C2-C6 bonds lengths are reduced at the TS while C13-S25, C1-C2 and C6-O12 bond lengths are increased. Considering Scheme 1, the biradical mechanism is initiated by breaking the double bonds to form intermediate A. During the formation of A, C1-C2 and C13-S25 bond lengths are increased, as shown in Table 1 . Then, the intermediate B is formed through C1-S25 bond formation. Intermediate B has a cyclic structure and is more stable than the other intermediates A and C from the energy point of view. Intermediate C is formed by C6-O12 bond cleavage. Final product (P) formation occurs through O12-C13 and C2-C6 bond length reduction. Calculated activation Gibbs free energies for the reaction in the gas phase and different solvents are reported in Table 2 . Figure 2 shows the calculated relative Gibbs free energies in the gas phase, DMSO (high polarity) and pyridine (low polarity). The potential energy diagrams demonstrate that the reaction channels are thermodynamically favourable. According to Table 2 , the activation Gibbs free Figure 1 Optimised structures of the reactant and TS in the gas phase in path 1. www.prkm.co.uk energies in path 1 are in good agreement with the experimental data [19] , which is in contrast to path 2. Comparison between the calculated Gibbs free energies through path 2 and the experimental data shows that this route is not acceptable from the energy viewpoint. Therefore this reaction mechanism was rejected. According to Table 2 and Figure 2 , the reaction rate in path 1 in the gas phase is higher than in solution and reduction in the solvent polarity increased the reaction rate. The energies of the reactant in pyridine and DMSO are not mentioned in the table. Values at the TS for pyridine and DMSO seem to have been swapped. ΔG † 1 , theoretical-step 1; ΔG † 2 , theoretical-step 2; ε/ε°, ratio of dielectric constant of the solvent to vacuum.
Figure 2
Schematic profile for the potential energy diagram through the concerted and biradical paths in the gas phase, DMSO and pyridine.
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NBO analysis
The stabilisation energy, E(2), associated with delocalisation i → j can be estimated using Eqn (1)
where q i is the donor orbital occupancy, ε i and ε j are diagonal elements (orbital energies) and F 2 (i,j) are off-diagonal elements associated with the NBO Fock matrix [26] . The stabilisation energies, E(2), obtained by NBO analysis are summarised in Table 3 . According to Table 3 , the most important interactions are related to Lp O12 → π* C13-S25 , Lp S25 → σ* O12-C13 and Lp S25 → π* C1-C2 . The interaction energy at the TS for Lp O12 → π* C13-S25 was reduced in different solvents, while for Lp S25 → σ* O12-C13 it was increased. A remarkable point is that the charge transfer of Lp S25 → π* C1-C2 was only observed at the TS, which suggests S25-C1 bond formation during the TS. The interaction energy of Lp S25 → π* C1-C2 in solution is larger than in the gas phase, which means S25-C1 bond formation is more advanced in solution.
In order to analyse the electrostatic interactions between the selected atoms involved in the centre of this sigmatropic reaction we calculated partial charges of these atoms, which are reported in Table 4 . According to Table 4 , the negative charge of C1 and C6 atomic charges are Table 4 Calculated NBO charges on the selected atoms of the reactant and TS in different solvents and in the gas phase www.prkm.co.uk reduced at the TS while the atomic charges of C2, O12, C13 and S25 are increased at the TS. C1 atomic charge reduction at the TS is roughly 0.26 e, while the atomic charge increase for atom S25 is 0.23 e, which indicates that charge transfers from C1 to S25 during TS formation. There is a similar charge transfer from atom C13 to atom O12 at the TS. Comparison between the atomic charges in the gas phase and solution at the TS reveals that the negative charges of atoms C1, C2, O12 and S25 are increased in the solvent while the negative atomic charges of atoms C1 and C13 atoms are decreased. This indicates that the electronic charge distribution is affected by the solvent, which accords with previous data [27, 28] .
CONCLUSIONS
DFT calculations have been performed to investigate the solvent effect on the kinetics and mechanism of the hetero-Cope [3, 3] -sigmatropic rearrangement of 1-butene thiobenzoate. This reaction is concerted and the reaction is faster in solution than in the gas phase. According to the data obtained, reduction in the polar solvents increases the rate of reaction. NBO analysis has been performed to investigate the donor-acceptor orbital interactions in different solvents. By considering all important interaction energies and atomic charge changes during the reaction, it is confirmed that the C1-S25 bond is formed in the TS.
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